The bottom-component RNA (B-RNA) of cowpea mosaic virus is expressed by the production of a -200,000-dalton polyprotein (200K polyprotein), from which the functional proteins are formed by specific proteolytic cleavages. Partial amino-terminal sequences of the various B-RNA-encoded proteins have now been determined. Comparison of the information obtained with the B-RNA sequence allowed the localization of the coding regions for these proteins on B-RNA, the calculation of their precise molecular weights, and the determination of the cleavage sites at which they are released from the polyprotein precursor. Sequence analysis of the 32K protein, which is derived from the amino-terminal end of the 200K polyprotein, indicated that the AUG codon at nucleotide position 207 of the RNA sequence is the translation initiation codon. Sequence analysis of the 170K, 110K, 87K, 84K, 60K, and 58K proteins revealed the existence of three types of cleavage site in the 200K polyprotein: glutamine-serine (two sites), glutamine-niethionine (one site), and glutamineglycine (one site) amino acid pairs. The nature of these cleavage sites suggested that two different viral proteases are involved in the processing of the B-RNA-encoded polyprotein.
The genetic information of cowpea mosaic virus (CPMV) is organized in two separately encapsidated plus-strand RNA molecules which are characterized by a small protein, denoted VPg, covalently bound to their 5' ends and a poly(A) tail at their 3' ends (for a review, see references 4 and 14a). The expression of both RNAs involves the production of large polyproteins that are subsequently processed by proteolytic cleavage into smaller, functional proteins (7, 8, 11, 25) . The nucleotide sequences of the smaller middle-component RNA (M-RNA) (3,481 nucleotides) and the larger bottom-component RNA (B-RNA) (5,889 nucleotides) reveal a single, long open reading frame in each of them, confirming polyprotein processing as their mode of expression (20, 30) . M-RNA has been shown to possess two translation initiation sites and is translated in vitro into two overlapping primary translation products of -105,000 and -95,000 daltons which differ only in their amino-terminal sequences ( Fig. 1 ; 7, 14, 22) . Proteolytic cleavage of these proteins occurs at two different sites. The first cleavage is at a glutamine-methionine dipeptide sequence, resulting in products of 60,000, 58,000, and 48,000 daltons (7, 30 ; H. Franssen, Ph.D. thesis, Agricultural University, Wageningen, The Netherlands, 1984). Subsequent cleavage of the 60,000-dalton intermediate (60K intermediate) at a glutamineglycine sequence releases the two capsid proteins VP37 (37,000 daltons) and VP23 (23,000 daltons) (30; Franssen, Ph.D. thesis). B-RNA produces a single 200K polyprotein from which, in addition to 170K, 110K, 84K, and 60K intermediates, five final cleavage products are derived in the order NH2-32K-58K-4K (VPg)-24K-87K-COOH ( Fig. 1;  11) .
Information about the nature of the various cleavage sites in the B-RNA-encoded polyprotein (B-polyprotein) is still rather poor. Mapping of the amino-terminal end of VPg on the open reading frame of B-RNA demonstrated that this protein is released from its precursor at this terminus by cleavage at a glutamine-serine site (31) . Inspection of the * Corresponding author. theoretical sequence of the 200K polyprotein has led to the suggestion that all cleavages may occur at glutamine-serine sites (31) .
To understand in more detail the proteolytic processing pathway of the B-polyprotein, we have now determined partial amino-terminal sequences of its cleavage products by automated Edman degradation with radiolabeled protein samples (26) . Comparison of the amino acid sequence data obtained with the nucleotide sequence of B-RNA allowed the determination of the cleavage sites in the B-polyprotein and predicted the molecular sizes of all cleavage products. The data presented in this paper demonstrate the existence of three different types of cleavage site and suggest that two different proteases are involved in the processing of the B-polyprotein.
MATERIALS AND METHODS
Virus and plants. CPMV (Sb isolate) was propagated in cowpea plants (Vigna unguiculata L., California blackeye) as described previously (18, 29) . Purified B-components were obtained by repeated sucrose gradient centrifugation as described in detail before (12) .
Infection of cowpea protoplasts and labeling of proteins. Mesophyll protoplasts were prepared from 10-day-old primary cowpea leaves and inoculated with purified CPMV B-components as previously described (15, 25 30 ,000 x g and 4°C, yielding the 30,000 x g supernatant, which served as the source of radiolabeled viral proteins.
Immunoprecipitation of viral proteins. As a first step in the purification of the 32K, 58K, 60K, 84K, and 170K proteins, these proteins were coprecipitated from the 30,000 x g supernatant of B-component-inoculated protoplasts with anti-32K serum under nondenaturing conditions (10) quencer (Applied Systems model 470A) were both used. The performance of the sequencer was monitored with 1% of the sample for each degradation cycle by high-performance liquid chromatography of the phenylthiohydantoin derivatives released from a second carrier protein. To do this, we used performic acid-oxidized lysozyme (1.45 mg for the spinning-cup sequencer and 0.145 mg for the gas-liquid solid-phase sequencer), since the carrier cytochrome c added prior to gel elution of the viral proteins is N terminally blocked. Polybrene (1.5 mg for both sequencers) was added as the nonprotein carrier. Identification of phenylthiohydantoin derivatives by high-performance liquid chromatography was done as described previously (1) . The radioactivity from 90% of the sample released during each degradation cycle was dissolved in 0.1 ml of methanol and determined in 10 ml of Aquasol 2 (New England Nuclear Corp.) by using a Packard Tri-Carb liquid scintillation counter.
RESULTS
Preparation of radiolabeled viral proteins. In previous experiments we showed that upon inoculation of cowpea protoplasts with B-components, B-RNA is efficiently replicated in the absence of M-RNA, resulting in the overproduction of B-RNA-encoded proteins (12, 25) . This finding was now used to obtain these viral proteins in quantities sufficient for radiochemical sequencing. Cowpea protoplasts were inoculated with purified B-components and labeled with [3H]leucine or [35S]methionine. A typical 30,000 x g supernatant fraction obtained from such protoplasts incubated with [35S]methionine is shown in Fig. 2 , lane B. While the 170K, 110K, 87K, 60K, 58K, and 32K proteins were directly detectable in such extracts, the 84K protein was mostly marked by host protein bands or present in amounts too low to allow its detection. This protein could, however, readily be detected in immunoprecipitates of 30,000 x g supernatant fractions obtained with antiserum raised against the 32K protein ( subsequently isolated from gel slices by electroelution. The 87K protein was simultaneously obtained from the supernatant fraction of such immunoprecipitation reactions. The 110K protein, finally, was directly excised and eluted from preparative gels of an unfractioned 30,000 x g supernatant fraction. To verify whether the viral proteins thus obtained were pure and intact, we analyzed aliquots by gel electrophoresis (Fig. 2, lanes C to I) .
Amino acid sequence analysis of the 32K protein. Since translation studies have already shown that the 32K protein is derived from the amino-terminal part of the 200K polyprotein (11), sequencing of this protein would allow the precise determination of the translation initiation site of B-RNA. Radiochemical sequencing revealed that this protein contains leucine residues at positions 2, 12, 13, 16, 29, 30, and 33 (Fig. 3A) and a methionine residue at position 24 ( Fig. 4A ) and that methionine is present at position 14 ( Fig. 4B ). This amino acid arrangement is consistent with a coding region for the 170K protein beginning at nucleotide position 1185 in the B-RNA sequence and reveals that the amino-terminal residue of this protein is serine (Fig. 4) . Further inspection of the B-RNA sequence (20) revealed that this amino-terminal residue is preceded by a glutamine in the precursor protein. These data strongly suggest that the 170K protein is generated by proteolytic cleavage at a glutamineserine dipeptide sequence. According to the scheme in Fig.  1 , further proteolytic cleavage of the 170K protein would yield 84K, 60K, and 58K proteins, all sharing their aminoterminal sequences with the 170K protein. To verify this hypothesis, we carried out additional sequence analyses on these cleavage products, labeled at either their leucine or methionine residues. Leucine and methionine residues were indeed detected in all three proteins at the same locations as in the 170K protein (Fig. 4C to H) . These results confirm the positions of these proteins in the processing map of Fig. 1 and, moreover, demonstrate that their amino termini are completely identical to that of the 170K protein and not subject to terminal trimming.
Amino acid sequence analysis of the 110K and 87K proteins. The 110K and 87K proteins are expected to be derived from the carboxy-terminal half of the 200K polyprotein, both Fig. 5A) and methionine is present at positions 1, 11, and 30 ( Fig. 5B and  C) . These data are consistent with a unique coding region for the 110K protein beginning at nucleotide position 3048 in the B-RNA sequence (20) and identify the amino-terminal residue of this protein as a methionine (Fig. 5) . It should be noted that different preparations of this protein showed some by a glutamine in the 200K polyprotein, indicating that the 110K protein is released from its direct 170K precursor by proteolytic cleavage at a glutamine-methionine dipeptide sequence. Sequence analysis of purified, radiolabeled 87K protein samples revealed the presence of a leucine at position 9 and a methionine at position 21 (Fig. 6) . Combined with the proteolytic processing map of the 200K polyprotein (Fig. 1) , these analyses allowed the localization of the coding region for the 87K protein beginning at nucleotide position 3672 in the B-RNA sequence. The mapping of the 87K protein on the open reading frame of B-RNA indicated further that the amino-terminal residue of this protein is a glycine and that it must be derived from longer precursors by cleavage at a glutamine-glycine dipeptide sequence.
DISCUSSION
Initiation site of B-RNA translation. A summary of the protein sequence analyses presented in this paper is schematically illustrated in Fig. 7 . The exact location of the amino-terminus of each of the proteins in the B-polyprotein is indicated by different symbols, depending on the nature of the cleavage sites used for their release. Analysis of the 32K protein allowed the identification of the AUG codon at position 207, the first AUG codon in the open reading frame of B-RNA (20) , as the initiation codon for the synthesis of the 200K polyprotein. This initiation codon is also the AUG codon nearest to the 5' end of the RNA, while the surrounding nucleotide sequence CCAACAUGG conforms almost perfectly to the consensus sequence around eucaryotic initiation codons (CCA/GCCAUGG), as described by Kozak (19) . The 32K protein lacks the amino-terminal methionine derived from this AUG codon, apparently because of posttranslational demethionylation, a widely occurring cellular process. As a consequence, the first residue of the 32K protein is glycine (Fig. 3) .
Proteolytic cleavage sites in the B-polyprotein. Additionally, the protein sequence analyses revealed the presence of three different types of processing signal in the 200K precursor: a glutamine-serine pair (two sites), a glutaminemethionine pair (one site), and a glutamine-glycine pair (one site) (Fig. 7) . While the last two types of cleavage site have also been found in the M-RNA polyproteins (30; Franssen, Ph.D. thesis), the glutamine-serine cleavage sites appear to be unique to the B-polyprotein.
Cleavage at the glutamine-glycine dipeptide sequence (Fig. 7) is consistent with computer comparisons which showed that the two regions within the 200K polyprotein of CPMV which are homologous to the polioviral protease and polymerase are separated at this glutamine-glycine pair (9) . However, the glutamine-methionine cleavage site from which the 110K protein is released was totally unexpected. As a consequence, VPg, the sequence of which preceeds that of the 110K protein within the 200K polyprotein (11, 13) , is not released by cleavages at identical sites (glutamineserine pairs), as proposed by us in a previous paper (31) , but at two different sites: a glutamine-serine pair (at amino acid positions 919 and 920; Fig. 7 ) is used to generate its amino terminus, and a glutamine-methionine pair (at positions 947 and 948; Fig. 7 ) is now predicted to generate its carboxy terminus. VPg would thus have a length of 28 residues, instead of 33 residues, as previously proposed (31), which indeed is more consistent with the length of VPg found for the related picornaviruses (21 to 24 residues) (5, 6, 16, 17, 21, 24, 27, 28) .
Comparison of the amino acid sequences surrounding all cleavage sites in the polyproteins encoded by both CPMV RNAs revealed that these sequences are rather variable, with similar amino acid residues at only two positions (Table  1 ). In five of six cleavage sites, alanine is found at position -4, while either alanine or proline is found at position -2. It is noteworthy that alanine at position -4 is also found in most (five of nine) glutamine-glycine cleavage sites in the polyprotein of poliovirus (17) . Furthermore, inspection of the predicted amino acid sequence of the polyproteins encoded by B-RNA and M-RNA revealed the presence of 11 glutamine-glycine pairs, 7 glutamine-serine pairs, and 4 glutamine-methionine pairs which are not used for proteolytic processing. For only 3 of these 22 sites, alanine is found at position -4 (data not shown), further supporting the idea that the occurrence of such a residue at position -4 may represent an important signal. Besides, it is very likely that, more than simply the surrounding sequences, factors like secondary structure, such as 1-turns, and hydrophilicity are involved in determining the sites used for proteolytic processing.
Molecular weights of the B-RNA-encoded proteins. Assuming that the cleavage products of the 200K polyprotein do not undergo any trimming at their carboxy termini, as is the case for picornaviral proteins, the mapping of the amino-terminal Table 2 ). The UAG codon at position 5805 of the RNA is proposed to represent the translation termination codon. Cleavage sites are indicated as follows: A, Gln-Ser; A, Gln-Gly; *, Gln-Met. ends of these products on the B-RNA sequence allows the calculation of their molecular weights (Table 2) . For some proteins, the difference between their apparent molecular weights in polyacrylamide gels (on which the nomenclature of the CPMV proteins has been based) and their calculated molecular weights was relatively small, whereas for other proteins, this difference was more significant. The most striking discrepancy was found for the 87K and 84K proteins, which had calculated molecular weights of approximately 80,000 and 93,000, respectively ( Table 2 ), suggesting that the 87K protein would run faster in sodium dodecyl sulfate-polyacrylamide gels than the 84K protein, which is not the case. Although additional cleavage or trimming at the carboxy-terminal end of the 84K protein cannot be ruled out, it is more likely that one (or both) of these proteins has a very deviant electrophoretic behavior in polyacrylamide gels. In this context, it is worthwhile mentioning that the proteins derived from the carboxy-terminal part of the 170K protein (110K and 87K) had calculated molecular weights approximately 7,000 lower than their apparent molecular weights; on the other hand, the proteins derived from the amino-terminal part of the 170K protein (84K, 60K, and 58K) all had calculated molecular weights approximately 9,000 higher than their apparent molecular weights. The similar deviations in apparent molecular weights found for these two sets of overlapping proteins indeed provide evidence that the reversed order in apparent sizes of the 87K and 84K proteins is due to specific conformations of these products.
Proteolytic activities involved in the cleavages. Another intriguing question to be resolved is which protease(s) is involved in the various cleavage steps during processing of the 200K polyprotein. It has now become clear that this polyprotein contains three different types of cleavage site. Although all cleavage sites share a glutamine residue in the first position, the residues in the second position have different properties. Serine and glycine both have small polar side chains, whereas methionine has a rather large, nonpolar side chain. It is therefore very unlikely that a single proteolytic enzyme is responsible for all these cleavages. Indeed, in vitro translation and proteolytic processing studies (8, 23) and in vivo inhibition studies with zinc ions (J. Wellink, unpublished results) suggest that the activity involved in the generation of the 87K and 84K protein pair (recognizing the glutamine-glycine cleavage site) and the activity involved in the generation of the 110K and 60K protein pair (recognizing the glutamine-methionine cleavage site) have different identities. In a previous report (10), we presented evidence that the 32K protein possesses the proteolytic activity involved in cleavage at the glutaminemethionine cleavage site in the M-RNA-encoded polyproteins. It is therefore very tempting to assume that this protein is also responsible for cleavage at an identical site in the B-RNA-encoded polyprotein. This remains to be 
